Selective estrogen receptor modulators (SERMs), such as tamoxifen and raloxifene can act as estrogen receptor (ER) antagonists or agonists depending on the cell type. The antagonistic action of tamoxifen has been invaluable for treating breast cancer, whereas the agonist activity of SERMs also has important clinical applications as demonstrated by the use of raloxifene for osteoporosis. Whereas the mechanism whereby SERMs function as antagonists has been studied extensively very little is known about how SERMs produce agonist effects in different tissues with the two ER types; ER␣ and ER␤. We examined the regulation of 32 SERM-responsive regions with ER␣ and ER␤ in transiently transfected MCF-7 breast, Ishikawa endometrial, HeLa cervical and WAR-5 prostate cancer cells. The regions were regulated by tamoxifen and raloxifene in some cell types, but not in all cell lines. Tamoxifen activated similar number of regions with ER␣ and ER␤ in the cell lines, whereas raloxifene activated over twice as many regions with ER␤ compared to ER␣. In Ishikawa endometrial cancer cells, tamoxifen activated 17 regions with ER␣, whereas raloxifene activated only 2 regions, which might explain their different effects on the endometrium. Microarray studies also found that raloxifene regulated fewer genes than tamoxifen in U2OS bone cancer cells expressing ER␣, whereas tamoxifen was equally effective at regulating genes with ER␣ and ER␤. Our studies indicate that tamoxifen is a non-selective agonist, whereas raloxifene is a relative ER␤-selective agonist, and suggest that ER␤-selective SERMs might be safer for treating clinical conditions that are dependent on the agonist property of SERMs.
Introduction
Two major classes of estrogenic drugs are used clinically to target the two estrogen receptor (ER) subtypes, ER␣ and ER␤ (Dahlman-Wright et al., 2006; Heldring et al., 2007; Koehler et al., 2005) . The first class of drugs that interact with ERs are a family of mammalian estrogens that include estradiol, estrone, and equilin, and synthetic estrogens such as ethinyl estradiol. The mammalian estrogens have been used extensively to treat menopausal symptoms and osteoporosis, whereas synthetic estrogens are commonly found in oral contraceptive pills. This class of estrogens function as agonists in tissues and regulate genes by recruiting coactivators to the activation function (AF)-2 surface of ERs (Smith and O'Malley, 2004) . The second class of drugs used clinically to target the ERs is the selective ER modulators (SERMs). These compounds are distinguished from estrogens by their capacity to function as both agonists and antagonists in different cell types (Jordan, 2004) . The main SERMs approved for clinical use are tamoxifen and raloxifene. The antagonistic action of tamoxifen on ER signaling in breast cells has been exploited for treating and preventing breast cancer (MacGregor and Jordan, 1998; O'Regan and Jordan, 2002) . Ralox-ifene also acts as an antagonist in breast cells and decreases the risk of ER positive breast tumors (Cummings et al., 1999; Vogel et al., 2006) . A major clinical difference in the antagonistic action of the two SERMs is that tamoxifen prevents both invasive and non-invasive breast tumors, whereas raloxifene only prevents invasive tumors (Grady et al., 2008) . The molecular mechanism of the antagonistic action of SERMs has been studied extensively (MacGregor and Jordan, 1998) . SERMs act as antagonists by at least three mechanisms. First, the SERMs bind to ERs with high affinity and competitively block the binding of estradiol. Second, the SERMs disrupt the movement of helix 12, which prevents the binding of coactivators to AF-2 in the ligand binding domain (Nettles and Greene, 2005; Shiau et al., 1998) . Third, the SERMs induce the recruitment of corepressor proteins, such as N-CoR to ERs (Shang et al., 2000) , which causes the repression of gene transcription by histone deacetylation and chromatin remodeling (Torchia et al., 1998) .
The SERMs also have agonist activity in specific tissues. Some agonist actions of SERMs lead to beneficial effects, such as increasing bone mineral density (Love et al., 1988) and the prevention of fractures (Ettinger et al., 1999) . This important property has led to the approval of raloxifene for the prevention and treatment of osteoporosis. However, the agonist properties can produce some adverse effects, including the stimulation of blood clots (Vogel et al., 2006) . While much is known about the mechanism of the antagonist action of SERMs, little is known about how they produce agonist effects. It is also important to understand the mechanism whereby diverse SERMs produce different agonist effects from each other. For example, it is unclear why tamoxifen increases the risk of endometrial cancer, whereas raloxifene does not (Vogel et al., 2006) . Studies indicate that the agonist effect is mediated by coactivators (Shang and Brown, 2002 ) that bind to and potentiate the constitutive activity of AF-1 in the A/B domain of ERs (Dutertre and Smith, 2003; Webb et al., 1998) . This is in contrast to the agonist action of estrogens, which is mediated by the recruitment of coactivators to AF-2 in the ligand binding domain Shiau et al., 1998) . A more complete understanding of the molecular mechanism for the agonist actions of SERMs could lead to the development of safer and more selective SERMs.
One of the major problems that impede investigating the agonist action of SERMs at the genomic level is the lack of regulatory regions from native genes. Therefore, most studies have focused on the activation of an AP-1 site by the SERMs (Paech et al., 1997; Webb et al., 1995) . While this site might be responsible for mediating the SERM's effects on several genes, it is clearly not the only SERM-responsive regulatory region. To identify a broad range of regulatory regions from native target genes, we used a chromatin immunoprecipitation-cloning and sequencing strategy. We isolated multiple regions from different genes that were regulated by SERMs in U2OS osteosarcoma cells . Using some of these regulatory regions, the goal of this study was to determine if the SERM-responsive regions are activated by tamoxifen and raloxifene in ER subtype specific manner in different cell lines. Our findings suggest that tamoxifen is a non-selective ER subtype SERM, whereas raloxifene is a relative ER␤-selective SERM. These results provide a potential mechanism whereby tamoxifen and raloxifene produce different clinical effects.
Materials and methods

Materials
Estradiol, tamoxifen and raloxifene were obtained from Sigma-Aldrich. All other compounds were obtained as previously described .
Cell lines and cell culture
Tetracycline-inducible U2OS-ER␣ and U2OS-ER␤ cells were characterized and maintained as previously described (Kian Tee et al., 2004) . U2OS, MCF-7, HeLa, and Ishikawa cells were obtained from the UCSF cell culture facility and maintained as previously described (Kian Tee et al., 2004; Levy et al., 2008) . WAR-5 prostate cancer cells were prepared as previously described (Ricke et al., 2006) .
Plasmids, transfections, and luciferase assays
The 32 SERM-responsive regions were isolated by ChIP and cloned upstream of a minimal thymidine kinase luciferase as previously described . Transfections of plasmids into HeLa was carried out by electroporation (Mersereau et al., 2008) , whereas Ishikawa, WAR-5 and MCF-7 cells were transfected using Lipofectamine 2000 according to manufacturer's protocol (Invitrogen). Following transfections cells were then treated with 10 nM E2, 1M raloxifene or 1 M tamoxifen for 24 h at 37 C. Cells were assayed for luciferase activity according to manufacture's protocol (Promega).
Microarrays
U2OS-ER␣ and U2OS-ER␤ cells were plated in 6-well plates. When the cells reached 80% confluence they were treated with 1 g/ml doxycline for 12 h to induce ER␣ or ER␤. The cells were then treated with 10 nM E2, 1M raloxifene, 1 M tamoxifen for 6 h at 37 C. Total cellular RNA was isolated with the Aurum RNA isolation kit, Bio-Rad (Hercules, CA) according to manufacturer's protocol. Total RNA was first quantified by standard spectrophotometry, and then qualitatively evaluated by capillary electrophoresis employing the Bio-Rad Experion system (Hercules, CA). Biotin-labeled cRNA samples were prepared with 750 ng of total RNA template. Following synthesis and purification, the biotin-labeled samples were evaluated by both 260/280 absorbance spectrophotometry and capillary electrophoresis. The final labeled cRNA samples were hybridized overnight against Human genome HG U133A-2.0 GeneChip arrays containing more than 22,200 probe sets (Affymetrix, Santa Clara, CA). The array hybridizations, washing, staining, and scanning were performed at the J.D. Gladstone Genomics Core (San Francisco, CA).
Data analysis
The microarrays were preprocessed with a procedure similar to GCRMA (Wu and Irizarry, 2005) , except that the background adjustment step is modified. Instead of using the probe sequence to predict non-specific binding (as in GCRMA), the non-specific binding for each probe is estimated from a database composed of hybridization data on the same platform of microarrays used in a variety of experiments. The new procedure is therefore dubbed dbRMA. Background parameters were estimated for each probe separately in dbRMA and avoided borrowing information across probes sharing similar but not identical sequences. Assessment on calibration data (Affymetrix Latin Square experiment) showed better accuracy of background parameters compared to those predicted by sequence. The normalization and summarization steps in the preprocessing procedures remain the same as GCRMA. The details of dbRMA procedure will be presented in a separate manuscript. After the preprocessing step, probesets were selected for further analysis if the fold change was greater than 2 and multiple testing adjusted p-value using Benjamini and Hochberg procedure (BH-adjusted p-value) was less than 0.05 (Dudoit et al., 2003) . The heatmaps of log intensities of genes across different experiments were produced using Cluster and TreeView software (Eisen et al., 1998) . Cluster software was used to perform the hierarchical clustering based on Pearson correlation coefficients to find clusters of genes with similar expression patterns. TreeView was then used to visualize the clusters and produce the figures.
Functional enrichment analysis of target genes
To elucidate the biological processes of target genes, we searched for enriched GO annotations using GOstat software (Beissbarth and Speed, 2004) . For each annotated GO term, GOstat counted the number of overlapping genes from the input gene list, and compared it with the one expected from a reference list (GO annotation human (http://www.ebi.ac.uk/GOA/human release.html). Fisher's exact test was performed to compute a p-value for each GO category and BHadjusted p-values were calculated. Results for GO "biological process" annotation are reported.
Results
Cell type-specific regulation of SERM regulatory regions
Using a chromatin immunoprecipitation-cloning and sequencing strategy, we previously isolated 173 regulatory regions from ER␣ target genes in U2OS cells . Most of these Table 1 Cell type specific regulation of regulatory regions by E2 and SERMs. MCF-7, HeLa, Ishikawa, U2OS or WAR-5 cells were transfected with an estrogen response element or 32 regulatory regions from a ChIP library , located upstream of minimal TK promoter, and an ER␣ or ER␤ expression vector. Cells were treated with 10 nM E2, 1 M tamoxifen or 1 M raloxifene for 18 h and luciferase assays were performed. The values in lighter shades of gray are activated by 2.0-fold or greater and those values in the darker shade of gray were repressed by 0.5 or greater. Each number represents the mean of triplicate samples. The S.E.M. was less than 10%. Table 1 are shown as the % of the 32 regions that were regulated in MCF-7, HeLa, Ishikawa, U2OS or WAR-5 cell lines. (B) The sum of the total number of regions regulated by tamoxifen or raloxifene in the presence of ER␣ or ER␤ in all five cell lines.
regions were regulated by the SERMs, tamoxifen and raloxifene in U2OS cells. In the current study, we examined whether regulatory regions are regulated by SERMs in a cell type-specific manner with ER␣ and ER␤. Of the 173 original regulatory regions, 32 were studied. These regions were selected because they were all regulated in U2OS cells and contained different and uncharacterized ER binding elements. Of the 32 regulatory regions, 4 had an ERE, 15 had an AP-1 site, 6 had a Sp1 site, 13 had a FOXA1, 8 had a NFB site and 24 had a GATA2 site (Supplemental Table 1 ). Each cell line was co-transfected with the 32 ChIP-derived regions in the presence of an expression vector for ER␣ or ER␤. Cell lines representing known ER target tissues were selected, which included the Ishikawa endometrial, MCF-7 breast, WAR-5 prostate and HeLa cervical cancer cell lines. We also compared the results from these four cell lines with our previous findings with the U2OS osteosarcoma cells . Following transfections the cells were treated with E 2 , tamoxifen or raloxifene and luciferase activity was measured. We considered regulation to be an activation of 2-fold or greater or repression that is 0.5 or greater from the untreated control and statistically significant (p < 0.05). The vitellogenin estrogen response element, which was used as a positive control was activated by E 2 with both ER␣ and ER␤ in all cell types (Table 1 , bottom line). All 32 regions were activated by tamoxifen and/or raloxifene in at least one cell type, whereas only 9 regions were activated by E 2 (Table 1 ). These results demonstrate that all of the ChIP fragments can function as SERM regulatory regions. There was a remarkable difference in response to the SERMs in the various cell types as some regions were regulated in some cell lines, but not others. Except for the WAR-5 cells the regions also displayed ER subtype regulation as more regions were regulated by the SERMs in MCF-7, HeLa, Ishikawa and U2OS cells with ER␤ compared to ER␣ (Fig. 1A) . In the 5 cell lines transfected with ER␤ there was a combined activation of 122 regions by tamoxifen and 102 regions by raloxifene, indicating that both SERMs were equally effective at activating the regulatory regions (Fig. 1B) . However, in the presence of ER␣ there was a difference in response to the SERMs. The activation of regulatory regions by tamoxifen occurred 55 times in the five cell lines, whereas with raloxifene only 24 regions were activated. Our findings demonstrate that the SERMs are more effective at activating regulatory regions with ER␤ and that raloxifene acts as an ER␤-selective SERM relative to tamoxifen. Our data also show that many regions displayed opposite responses to E 2 and SERMs with ER␤ in the U2OS and MCF-7 cells. In these cell types most of the regions were repressed by E 2 and activated by the SERMs. None of the regions were regulated in opposite direction by SERMs with ER␣.
ER subtype-specific regulation of genes by tamoxifen and raloxifene
As mentioned our transfection studies suggested that raloxifene is a relative ER␤-selective SERM. We next used microarrays to determine if a similar pattern of regulation occurs with tamoxifen and raloxifene on endogenous genes in U2OS cells stably expressing ER␣ and ER␤. We previously showed that these cells produce comparable levels of ERs by binding assays and that raloxifene and tamoxifen regulated different genes after treatment for 18 h (Kian Tee et al., 2004) . Because of the long treatment time this study identified both primary and secondary target genes. It is conceivable that the genes differentially regulated by raloxifene and tamoxifen were secondary genes rather than primary genes. To determine if raloxifene and tamoxifen regulated different primary target genes, we treated U2OS-ER␣ and U2OS-ER␤ with raloxifene and tamoxifen for only 6 h. The heatmaps show that the genes regulated by tamoxifen and raloxifene in the U2OS-ER␣ cells ( Fig. 2A) were distinct from those regulated in the U2OS-ER␤ cells (Fig. 2B) . A gene was considered to be activated or repressed if the magnitude was 2-fold or greater and statistically significant (p < 0.05). A list of genes regulated by each drug and the magnitude of regulation are shown in Supplemental Table 2 . Venn diagrams show that in the U2OS-ER␣ cells tamoxifen regulated 265 genes compared to 68 genes with raloxifene (Fig. 3 ). There were 203 genes specifically regulated by tamoxifen and 6 genes regulated only by raloxifene. 62 genes were commonly regulated by both tamoxifen and raloxifene. An opposite pattern was observed in the U2OS-ER␤ cells, where raloxifene regulated more specific genes than tamoxifen (103 vs. 31 genes). 229 genes were commonly regulated (Fig. 3) .
Raloxifene regulates fewer classes of genes than tamoxifen in U2OS-ER˛cells
Gene ontologies show that raloxifene regulated only three major classes of genes in U2OS-ER␣ cells (Fig. 4B ), compared to 17 major classes of genes for tamoxifen, including a class of genes involved in cell growth and proliferation (Fig. 4A) . The major classes of genes regulated by tamoxifen (Fig. 5A ) were similar to those regulated by raloxifene in U2OS-ER␤ cells (Fig. 5B ). However, with GO terms corresponding very small groups, there is some difference between genes regulated by tamoxifen and genes regulated by raloxifene (data not shown), which is consistent with the differences observed in genes regulated by the SERMs (Supplemental Table 2 ).
ERˇregulates genes in opposite direction in response to E 2 and the SERMs
Our transfection studies also showed that some regions responded to E 2 and the SERMs in an opposite direction in the cells transfected with ER␤, but not the ER␣. To determine if a similar pattern occurred with endogenous genes, we compared the genes regulated by SERMs with those genes regulated by E 2 . Consistent with the transfection studies there were no genes regulated in an opposite direction with E 2 and the SERMs in the U2OS-ER␣ cells. In the U2OS-ER␤ cells, there were a total of 93 genes that were commonly regulated by E 2 and tamoxifen, of which 83 were regulated in an opposite direction (Fig. 6 ). Raloxifene and E 2 regulated 100 genes in common and 88 of those genes were regulated in an opposite direction (Supplemental Table 3 ). These findings indicate that ER␤ can regulate genes in opposite direction in response to E 2 and the SERMs.
Discussion
The SERMs are a unique class of drugs that bind to ERs, and are distinguished from estrogens by their capacity to act as an antagonist or agonist in various tissues (MacGregor and Jordan, 1998) . While the antagonist property of SERMs have been exploited for breast cancer treatment for decades the value of the agonist property of SERMs has only recently been realized in clinical practice by use of raloxifene for osteoporosis prevention and treatment (Ettinger et al., 1999) . However, the agonist property of current SERMs is associated with some serious side-effects such as an increased risk of endometrial cancer with tamoxifen (Fisher et al., 1994; Shang, 2006 ) and blood clots with both tamoxifen and raloxifene (Vogel et al., 2006) . A better understanding of the molecular mechanisms whereby SERMs produce agonist effects could lead to the development of SERMs that produce less side-effects. This might be achieved by developing SERMs that have greater tissue selectivity or ER-subtype specificity.
The agonist effect of SERMs has been studied using a simple AP-1 element (Kushner et al., 2000; Webb et al., 1995) . Our discovery of new and diverse SERM-responsive regions from native genes provided an opportunity to compare the cell type and ER subtype responses to tamoxifen and raloxifene with more complex regulatory regions from endogenous genes. We showed that 32 regulatory regions responded to tamoxifen or raloxifene in five different cell lines, further demonstrating the authenticity of the SERM-responsive regions. Whereas AP-1 is the most common known transcription factor that mediates SERM activation of genes only 15 of the 32 regulatory regions had an AP-1 site (Supplemental Table 1 ). Furthermore, there was not a different pattern of regulation between regions containing an AP-1 element and those that did not. These results suggest that other elements besides AP-1 can mediate the agonist action of SERMs. It is unlikely that the ERE or Sp1 was responsible for SERM activation, because only 4 and 6 regulatory regions contained these elements, respectively. GATA2 was the most common element observed as 24 regulatory regions contained this site, but its role in mediating the effects of SERMs is not known.
The SERM-responsive regions were regulated in a cell type specific manner as some regions were regulated in some cell types, but not others. This property demonstrates a feature about the agonist activity of SERMs that is different from the agonist property of estrogens, because E 2 activated a classical estrogen response element in all five cell lines. Another difference between E 2 and the SERMs was the finding that E 2 was much more effective at repressing the regions in the five cell lines compared to the SERMs. We were unable to identify a motif by bioinformatics that was associated with repression in the regulatory regions, most likely because there were an insufficient number of regions tested. It is also conceivable that multiple, distinct elements rather than a single motif are responsible for repression by E 2 . We also found that there is little correlation between the regulation of the endogenous genes by PCR and transfection assays with the regulatory regions. We speculate that this is likely due to mapping of the regulatory region to the nearest gene. However, it is likely that some regulatory regions regulate distant genes rather than the nearest gene.
The mechanism of the cell type specific action of the SERMs is not clear. The regulation of genes by estrogenic ligands requires ERs, coregulators and transcription factors (Carroll et al., 2005; Laganiere et al., 2005; Smith and O'Malley, 2004) . The differential expression of each of these factors could contribute to the cell specific effects. One major determinant of cell type selectivity is the expression levels of coregulators in different tissues (Smith and O'Malley, 2004) . This was demonstrated by the observation that the agonist effect of tamoxifen in endometrial cells was due to the high expression of SRC-1 (Shang and Brown, 2002) . We analyzed the microarray data to determine the relative expression of SRC-1, SRC-2 and SRC-3 in the 5 cell lines. With the exception of higher expression of SRC-3 in MCF-7 cells there was similar expression levels of these three classes of coactivators in all five cell lines (data not shown). These findings indicate that other coactivators or factors are responsible for the tissue selective effects of the SERMs. In addition to coactivators, genome-wide screens with tiling arrays have found that the regulation of genes by ERs require transcription factors, such as FOXA1 (Carroll et al., 2005; Laganiere et al., 2005) , which was present in 13 out of the 32 gene regulatory regions. We also showed that the activation of the NKG2E gene by estrogens requires a cluster of transcription factors that include c-jun, HSF-2 and C/EBP␣ (Levy et al., 2007) . These findings raise the possibility that the different responses to the SERMs in the five cell lines could be due to a differential expression of transcription factors.
We also found that tamoxifen and raloxifene had different effects on the regulatory regions in the presence of ER␣ and ER␤. Tamoxifen regulated nearly equal number of regions with ER␣ and ER␤, whereas raloxifene regulated about twice as many regions with ER␤ in the five cell lines. These findings indicate that tamoxifen is a non-selective SERM, whereas raloxifene is a relative ER␤ selective SERM. We also found a similar pattern with endogenous genes in U2OS cells. Microarrays showed that tamoxifen regulated about four times as many genes compared to raloxifene in U2OS-ER␣ cells, whereas the number of genes regulated by the tamoxifen and raloxifene were similar in U2OS-ER␤ cells. The Study of Tamoxifen and Raloxifene (STAR) trial compared the effectiveness of raloxifene to tamoxifen at reducing the risk of invasive breast cancer in premenopausal and postmenopausal women (Vogel et al., 2006) . While both drugs were equally effective at reducing the risk of invasive breast cancer the side-effect profiles in STAR demonstrated that tamoxifen and raloxifene have different clinical effects, as subjects treated with raloxifene had fewer cataracts, blood clots and uterine cancers than those treated with tamoxifen (Vogel et al., 2006) . Based on our findings it is conceivable that tamoxifen might cause more adverse effects than raloxifene by its greater action on ER␣. We found that tamoxifen activated 17 regions with ER␣ in Ishikawa cells compared to only 2 regions with raloxifene. The lack of a pronounced effect of raloxifene with ER␣ in the Ishikawa endometrial cancer cell line might also explain why it does not increase the risk of endometrial cancer (Cummings et al., 1999; Martinez Lage et al., 2000) like tamoxifen. The GO analysis found that tamoxifen, but not raloxifene regulated cell proliferation genes in the ER␣ cells. Taken together, these findings suggest that the lack of effect of raloxifene on endometrial cancer might be due to its weak action on ER␣, which is responsible for regulating genes involved in cell proliferation in endometrial cells (Shang, 2006) .
The agonist property of SERMs is beginning to be translated to clinical practice for osteoporosis and more clinical indications for SERMs are on the horizon, such as vaginal dryness and mastalgia (Shelly et al., 2008) . While SERMs are more selective than estrogens it is conceivable that more selective SERMs can be developed that will have a safer profile. Our results indicate that SERMs that are targeted selectively to ER␣ or ER␤ should have different clinical effects. Surprisingly, we found that the SERMs regulated the regions and endogenous genes in an opposite direction to E 2 with ER␤, but not ER␣. This finding suggests that ER␤-selective SERMs might produce effects that are opposite to E 2 , which increases the risk of breast and endometrial cancer. In addition, our studies showing that raloxifene is a relative ER␤ selective SERM and the clinical findings that it is associated with less side-effects (Vogel et al., 2006) indicate that ER␤-selective SERMs might be safer for treating conditions, such as osteoporosis that depend on the agonist activity. 
